• GlycoPEGylated demonstrates the same efficacy and prolonged effect in animal models as native FVIII.
Introduction
Hemophilia A is an inherited bleeding disorder caused by deficiency or dysfunction of coagulation factor VIII (FVIII). Hemophilia A is treated by intravenous infusions of FVIII purified from human plasma or produced using recombinant DNA technology. Based on clinical experience and results from prospective controlled trials, prophylactic treatment is recommended in order to prevent frequent bleeding episodes that could otherwise lead to pain, irreversible joint damage, and life-threatening hemorrhages. [1] [2] [3] With a circulatory half-life of 12 to 14 hours for current FVIII products, prophylaxis for hemophilia A typically requires injections 3 times per week or every other day to maintain a sufficient circulating level of FVIII. Various technologies have been described for increasing the duration of effect of therapeutic drugs. In particular, conjugation of therapeutic proteins with water-soluble polymers such as polyethylene glycol (PEG) has been investigated. 4, 5 Several PEGylated therapeutic proteins have been approved for use across a variety of indications, including chronic diseases like rheumatoid arthritis. 6 However, conventional PEGylation of large proteins like FVIII is difficult to control and may result in a heterogeneous mixture of molecular forms with different characteristics and activity levels. 4, 7 Recently, chemical PEGylation of FVIII has been described where the selectivity of PEGylation was obtained by introduction of mutations in the light chain of a Bdomain-deleted FVIII. 8 Other approaches to increase the functional half-life of drugs include production of recombinant fusion proteins where the pharmacokinetic properties are modified through the fusion to albumin 9 or an Fc-domain of an antibody. 10, 11 Common to these technologies are that the resulting FVIII products have been modified at the peptide level and that the modifications remain part of the activated FVIII (FVIIIa) mutant or fusion protein following activation by thrombin. This may potentially impact molecular interactions with various binding partners, and the FVIII mutant or fusion protein may have altered immunogenicity.
This report describes the development of a recombinant FVIII conjugate with improved pharmacokinetic properties and maintained generation of native FVIIIa at the site of vessel injury ( Figure 1 ). To achieve this, site-specific modification of O-linked glycans using enzymatic glycoconjugation technology 12, 13 was developed and adapted to FVIII (turoctocog alfa). This allows for selective modification of the unique O-linked glycan in the B-domain of turoctocog alfa that results from the fusion of the 10 amino acids (aa) from the amino-terminal with the 11 aa from the carboxyl-terminal of the FVIII B-domain sequence.
14 Turoctocog alfa was well tolerated in clinical studies and had pharmacokinetic properties comparable with a marketed FVIII, 15 and it was therefore considered well suited for further modification. A series of O-glycoPEGylated FVIII conjugates with different sizes of PEG were produced, and pharmacokinetics and in vitro activity were compared. The FVIII glycoPEGylated with a single branched 40-kDa PEG (N8-GP) was selected for detailed in vitro and in vivo evaluation comparing potency, efficacy, and duration of effect with that of native FVIII. Formation of neutralizing antibodies (inhibitors) toward FVIII is a serious complication to FVIII therapy. The uptake and processing of proteins by antigen-presenting cells (APCs) are the initial steps in the immune response. 16 Binding and uptake of N8-GP in human monocyte-derived dendritic cells were therefore compared with that of unmodified FVIII.
Materials and methods

Materials
Porcine ST3GalI was produced in-house as His-ST3GalI using CHOK1SV cells and the pEE14.4 expression vector system containing the glutamine synthetase selection marker (Lonza Biologics, Basel, Switzerland). Rat ST3GalIII was produced as an MBP-SBD-ST3GalIII fusion in Escherichia coli. 13 Arthrobacter ureafaciens sialidase was produced as a His 6 -tagged truncated form in a BL21-derived E. coli strain. 17 Tick anticoagulant protein 18, 19 and turoctocog alfa (previously named N8) 14 were produced as described. Advate was from Baxter, Westlake Village, CA, and ReFacto from Wyeth, Philadelphia, PA. Animals C57BL/6, von Willebrand factor (VWF) exon 415 knockout mice (B6.129S2-VWF tm1Wgr /J), 20 and FVIII exon 16 knockout mice (B6.129S4-F8 tm1Kaz /J) 21 were bred at Charles River, Wilmington, MA or Taconic, Hudson, NY. Male Spraque Dawley rats (;280 g) and female New Zealand white rabbits (;2.5 kg) were obtained from Charles River, and male cynomolgus monkeys (;3.8 kg) were from Bioculture, Senneville, Mauritius. All animal studies were performed according to guidelines from and approved by the Danish Animal Experiments Council, the Danish Ministry of Justice.
GlycoPEGylation of O-glycosylated FVIII
GlycoPEGylation of FVIII was performed by incubating turoctocog alfa [5 mg/mL in 50 mM 2-(N-morpholino)ethanesulfonic acid, 50 mM CaCl 2 , 150 mM NaCl, 20% glycerol, 0.5 mM antipain, pH 6.0] with sialidase (160 mU/ mL), and fivefold molar excess cytidine-59-monophosphate(CMP)-sialic acid (SA)-PEG reagent with PEG ranging from 10 to 80 kDa 13, 22 and ST3GalI (540 mU) at room temperature for 16 to 20 hours. The sample was diluted with 25 mM tris(hydroxymethyl)aminomethane, 5 mM CaCl 2 , 20 mM NaCl, 20% glycerol, pH 7.5, and loaded on a Source 15Q column. Bound material was eluted with 1 M NaCl in the buffer. To block remaining free galactose residues on the N-glycans following sialidase treatment, the glycoPEGylated FVIII product (1.0 mg/mL) was mixed with 2000-fold molar excess CMP-SA and
ST3GalIII
13 (400 mU/mL) in 25 mM tris(hydroxymethyl)aminomethane, 5 mM CaCl 2 , 20 mM NaCl, 20% glycerol, pH 7.5, and incubated at room temperature for 16 hours. The resulting capped glycoPEgylated FVIII was separated from CMP-SA and ST3GalIII by gel filtration on a Superdex 200 column equilibrated with 50 mM 2-(N-morpholino)ethanesulfonic acid, 50 mM CaCl 2 , 150 mM NaCl, 10% glycerol, pH 6.0.
FVIII:C
The FVIII activity (FVIII:C) was evaluated in a chromogenic FVIII assay using Coatest SP reagents (Chromogenix) as described. 23 The FVIII one-stage clot assay was performed as described 24 using Dade Actin FSL (Siemens), SynthASil (HemosIL, Instrumentation Laboratory), TriniCLOT aPTT HS (Trinity Biotech), and STA-PPT (Stago) as activated partial thromboplastin time (aPTT) reagents. An FVIII standard (turoctocog alfa) calibrated against the 7th International FVIII Standard National Institute for Biological Standards and Control (NIBSC) was used as standard. The specific activity was calculated by dividing the activity of the samples with the protein concentration determined by high-performance liquid chromatography as described. 14, 24 Binding to VWF and lipoprotein-receptor-related protein (LRP)
Binding to FVIII-free human VWF (American Diagnostica) was determined in a solid-phase binding assay. 24 Binding to LRP was analyzed by surface plasmon resonance. 24 Effect of O-glycan PEGylation on cofactor activity and rate of FVIII activation
Cofactor activity of thrombin-activated N8-GP or FVIII (Advate) was analyzed as described. 24 Using the FVIIIa activity assay (factor IXa [FIXa]-cofactor activity assay), reciprocal titrations of FIXa and FVIIIa against a fixed concentration (0.1 nM) of FVIIIa or FIXa, respectively, were performed to obtain apparent affinity of FIXa for FVIIIa (K 1/2,FIXa ) and functional FVIIIa concentration. The Michaelis constant (K m ) and turnover number (k cat ) of factor X (FX) activation were obtained from titrations of FX against a fixed concentration of FIXa-FVIIIa complex. The apparent rate (k app ) of activation of N8-GP and Advate was determined by measuring FVIIIa cofactor activity after a 1-to 3-minute incubation of 0.7 nM FVIII with 0.05 nM human a-thrombin. 
In vitro plasma stability
Hirudin (Enzyme Research) and tick anticoagulant protein were added to citratestabilized FVIII-deficient plasma (George King Bio-Medical) to 5.7 mg/mL and 1.3 mg/mL, respectively, before addition of imidazole to 0.1 M to stabilize pH at 7.4. The plasma was recalcified by addition of CaCl 2 to 20 mM. N8-GP or FVIII (turoctocog alfa, 1 U/mL) was added to 9 volumes of the plasma at 37°C at various time points prior to analysis of activity as described previously. The t 1/2 was calculated by linear regression using GraphPad Prism 5.01 (GraphPad Software).
Cellular uptake
White blood cell-containing buffy coats were obtained from the Danish Blood Bank. Monocytes were isolated by density centrifugation on Ficoll-Paque For personal use only. on April 4, 2017. by guest www.bloodjournal.org From gradient (GE Healthcare) followed by CD14 microbeads (Miltenyi Biotech) according to the manufacturer's instructions. The monocytes were cultured in Iscove modified Dulbecco medium (GIBCO) supplemented with 1% penicillin/ streptomycin, 10% fetal bovine serum, 40 ng/mL granulocyte macrophagecolony-stimulating factor (R&D Systems), and 40 ng/mL interleukin 4 for 5 days. The differentiation into dendritic cells was assessed by expression of CD86, CD209, and CD83 using antibodies and control IgG from BD Biosciences and an LSRII Fortessa flow cytometer (BD Biosciences). N8-GP and FVIII (turoctocog alfa) were 125 I-labeled using the lactoperoxidase method. The amount of free iodine was ,3%, and both labeled proteins had similar specific activity as the unlabeled protein. Cells were washed in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 150 mM NaCl, 4 mM KCl, 11 mM glucose, 5 mM CaCl 2 , 1 mg/mL BSA, pH 7.4, and incubated for 24 hours at 4°C and at a density of 1 3 10 6 cells per mL with I-FVIII at K d (70 and 110 nM, respectively) were applied in internalization studies at 37°C. Surfacebound material was removed by treating the cells with trypsin (10 mg/mL), proteinase K (50 ng/mL), and EDTA (10 mM) in phosphate-buffered saline for 30 minutes on ice.
Pharmacokinetics in mice
Mice received FVIII (turoctocog alfa or ReFacto) and O-glycoPEGylated FVIII (280 U/kg based on activity in chromogenic assay) as a single intravenous injection in a tail vein. This dose allowed detection of FVIII until ;90% was cleared. Blood samples were collected in a sparse sample schedule with 3 samples per mouse and 2, 3, or 4 samples at each time point between 0 and 64 hours (FVIII-deficient and C57BL/6 mice) and 0 and 48 hours (VWF-deficient mice) and processed as described. 25 Plasma from VWF-deficient mice and C57BL/6 mice was analyzed by enzyme-linked immunosorbent assay (ELISA) (Asserachrom FVIII:CAg; Diagnostica Stago) and plasma from FVIII-deficient mice by chromogenic activity assay 23, 25 using a plasma standard (HemosIL Calibration Plasma; Instrumentation Laboratory). Pharmacokinetic analysis was carried out on mean FVIII values using noncompartmental methods (WinNonlin Pro version 4.1 software; Pharsight). The following pharmacokinetic parameters were estimated: terminal half-life (t 1/2 ), clearance (CL), volume of distribution at steady state, and mean residence time (MRT).
Pharmacokinetics in rats, rabbits, and cynomolgus monkeys
The pharmacokinetics of N8-GP and FVIII (turoctocog alfa or ReFacto) was further studied in rats, rabbits, and cynomolgus monkeys. The rats received a single intravenous injection of 200 U/kg FVIII compound in a tail vein. Blood was sampled in a sparse sample schedule between 0 and 30 hours after dosing with 6 samples from each animal and 3 samples per time point. Blood was processed as described previously and analyzed by ELISA. The rabbits received a single intravenous injection of 200 U/kg FVIII in an ear vein, and blood was sampled in full profiles from an ear artery between 0 and 55 hours (n 5 4). Cynomolgus monkeys were administered 250 U/kg N8-GP or 1000 U/kg FVIII (turoctocog alfa) in a saphenous vein, and blood was sampled in full profiles from a femoral vein between 0 and 48 hours (n 5 3). Rabbit and cynomolgus monkey blood was stabilized in sodium citrate, and plasma was analyzed by ELISA (rabbit, cynomolgus monkey dosed with N8-GP) or activity assay (cynomolgus monkey dosed with FVIII). Pharmacokinetic calculations were performed on mean values (rats) or individual animals (rabbit and cynomolgus monkey) of FVIII antigen data as described for the mice studies, except for FVIII in cynomolgus monkeys, which was evaluated in Kinetica version 4.2.1 for EP Series 2 (Thermo Electron Corp) without subtraction of background FVIII activity.
Acute and prolonged effect in tail bleeding model in FVIII-deficient mice
Studies of acute as well as prolonged effect in the tail bleeding model were performed essentially as described. 25 For determination of acute effect, FVIIIdeficient mice were anesthetized with isoflurane/N 2 O/O 2 and dosed intravenously with 0 to 200 U/kg N8-GP or FVIII (Advate). Five minutes after dosing, 4 mm of the tip of the tail was cut. The tail was placed in 37°C saline, and blood collected over a 30-minute period. Total visual bleeding time was recorded, and blood loss determined by quantifying the amount of hemoglobin bled into the saline. Dose-response curves were fitted by use of nonlinear regression. The duration of effect was determined by analyzing bleeding at 5 minutes, 24 hours, 48 hours, and 72 hours after intravenous dosing of 200 U/kg N8-GP or FVIII. Groups were compared using the Kruskal-Wallis test including Dunn's posttest.
Duration of effect in FeCl 3 -induced injury model in FVIII-deficient mice
Duration of effect of N8-GP vs FVIII (Advate) was investigated in an FeCl 3 -induced injury model as described. 26 The carotid artery was exposed, and an ultrasound flow-probe (0.5 PSB Nanoprobe) placed around the artery. The injury was made 5 minutes, 24 hours, 48 hours, 60 hours, and 72 hours after dosing of 280 U/kg N8-GP, FVIII, or vehicle by applying a filter paper (2 3 5 mm) soaked in 10% FeCl 3 around the exposed artery for 3 minutes. The artery was washed with 0.9% NaCl. Blood flow was recorded for 25 minutes, and the time to occlusion was determined by measuring the time from removal of the filter paper until cessation of blood flow. If occlusion did not occur, the occlusion time was reported as 25 minutes.
Duration of effect in joint injury model in FVIII-deficient mice
FVIII-deficient mice were dosed with N8-GP, Advate (280 U/kg), or vehicle. Hairs were plucked from the knee, and the diameter measured with a digital caliper (Mitutoyu). Bleeding was induced by introduction of a 30G needle into the joint cavity using an anterior approach at 5 minutes, 24 hours, 36 hours, 48 hours, 66 hours, 72 hours, and 88 hours postadministration of test substances. 23 The joint bleeding was induced in the right knee, whereas the left knee served as control. Twenty-four hours following injury, mice were euthanized, joint diameters measured, and the knee bleeding graded according to a visual bleeding score (VBS), ranked from 0 to 3. 23 Prior to and during all procedures, mice were anesthetized with isoflurane/N 2 O/O 2 .
Results
Selective O-glycoPEGylation of FVIII Turoctocog alfa (previously named N8) contains 4 N-glycosylation sites, of which 2 are complex biantennary glycans and 2 are highmannose structures (Figure 1 ).
14 Although these N-glycans are well suited for selective enzymatic glycoPEGylation technology, the unique O-glycan in the B-domain of turoctocog alfa 14 was selected for glycoPEGylation as the B-domain is released upon thrombin activation to produce FVIIIa with the same primary structure as endogenous FVIIIa (Figure 1 ). The initial step in the modification process is removal of all sialic acids from the glycans. The process then utilizes the ability of the ST3GalI sialic acid transferase to selectively transfer a PEG-modified sialic acid onto the O-glycan with PEG size of 10, 20, 40, and 80 kDa. The glycoPEGylation itself is conducted as a single-step reaction as sialidase does not remove PEG-sialic acid from the O-glycan. The resulting product is isolated by a single ion exchange chromatography step, which allows for separation of PEGylated and non-PEGylated material, as well as removal of enzymes and excess PEG-sialic acid-CMP. Capping of nonsialydated glycans is performed by addition of excess CMP-SA and ST3GalIII. The processing enzymes are subsequently removed.
VWF binding and activity of glycoPEGylated FVIII conjugates
The interaction between the glycoPEGylated FVIII conjugates and VWF was analyzed using immobilized human VWF (Table 1 ). All glycoPEGylated FVIII conjugates displayed high-affinity binding for human VWF represented by apparent K d values in the sub-nanomolar range similar to native FVIII.
The specific activity of the O-glycoPEGylated FVIII conjugates was similar to the activity of native FVIII when measured in a chromogenic assay (Table 1) . However, the specific activity of the conjugates measured in a one-stage clot assay varied depending on the aPTT reagent used. For FVIII conjugated with 40-kDa PEG (N8-GP), a specific activity of 9303 6 428 U/mg (n 5 4) was obtained using an ellagic acid containing aPTT reagent Actin FSL, which is similar to the activity measured with chromogenic assay. With colloidal silica (SynthasIL), a slightly lower specific activity of 7124 6 375 U/mg was obtained, whereas specific activities of 4467 6 492 U/mg and 3001 6 430 U/mg were obtained with silicabased aPTT reagents (TriniCLOT and STA-PTT, respectively).
Relationship between prolongation of in vivo half-life and PEG size
The pharmacokinetics of glycoPEGylated FVIII conjugates was studied after intravenous administration to FVIII-and VWF-deficient mice aimed at identifying the optimal size of the PEG moiety (Table 2 ). In general, increased half-life was obtained by increasing the PEG size. The effect was most pronounced in the VWF-deficient mice with PEG moieties up to 40 kDa. For the FVIII conjugate with 40-kDa PEG attached, the t 1/2 and MRT in VWF-knockout mice was increased 21-and 26-fold, respectively, whereas clearance was reduced 20-fold. Modification with 80-kDa PEG had no or only minor additional effect on any of the parameters. In FVIII-deficient mice, the pharmacokinetic improvements were less pronounced; that is, approximately twofold increased t 1/2 and MRT and twofold reduced clearance were observed when attaching a 20-kDa or larger PEG to FVIII. A more extensive characterization was conducted on FVIII conjugated with 40-kDa PEG (N8-GP). The pharmacokinetic profile of N8-GP in FVIII-deficient mice is shown in supplemental Figure 1 (see the Blood Web site). Infused N8-GP bound VWF in vivo (supplemental Table 1 ). The prolonged half-life of N8-GP did not affect the level of endogenous VWF; that is, the murine VWF levels were not different between mice treated with FVIII or N8-GP.
O-glycoPEGylation did not affect the protein structure or N-linked glycans of N8-GP Analysis of N8-GP by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (supplemental Figure 2) and mass spectrometry revealed the expected shift in molecular weight. Amino-terminal sequencing showed full comparability among N8-GP and the FVIII starting material. Thrombin cleavage of N8-GP released the glycoPEGylated B-domain peptide and resulted in a comparable fragment pattern to that of the FVIII starting material (supplemental Figure 2 ).
Peptide maps with sequence coverage .80% were obtained for N8-GP and FVIII (turoctocog alfa) within 10-ppm precision (supplemental Figure 3) . The maps were nearly identical. The major difference could be assigned to the absence of the O-linked glycopeptide from the N8-GP peptide map and the presence of a late eluting peak expected to be the PEGylated peptide. Comparable signals from sulfated tyrosine residues were observed in both N8-GP and FVIII peptide maps.
Glycosylations on N8-GP and turoctocog alfa were compared (supplemental Figure 4) . The glycoprofiles show a consistent ratio among high-mannose structures and complex-type glycans before and after the glycoPEGylation process. Minor variations were observed, that is, a minor increase in the number of charged complex-type glycans and a more than fourfold reduction of N-glycolylneuraminic acid consistent with the ability of the A. ureafaciens sialidase to remove this specific glycan form. 27 The glycoprofile revealed that the N-linked glycans were fully recovered after the desialylation steps in the glycoPEGylation process and that the complex-type glycans have been capped to the same extent as the glycans present on the FVIII starting material. The data thus showed that although there were minor quantitative differences between the glycans in N8-GP and the FVIII starting material, there were no qualitative differences. Thus, protein characterization confirmed that the primary amino acid sequence and the posttranslational modifications of N8-GP were conserved and were comparable to that of the FVIII starting material.
Prolonged half-life of N8-GP in several species
The pharmacokinetics of N8-GP was further explored in C57BL/6 mice, rats, rabbits, and cynomolgus monkeys. An approximately twofold increase in the t 1/2 of N8-GP compared with FVIII was observed in normal mice, rabbits, and cynomolgus monkeys, whereas a 1.4-fold increase was observed in rats. The effects on clearance and MRT were generally greater than twofold with clearance in rabbits being slightly lower (Table 3) .
Reduced LRP binding and cellular uptake of N8-GP LRP has been implicated in clearance of FVIII. [28] [29] [30] Binding to immobilized LRP was reduced for N8-GP (Figure 2 ). The data did not fit a 1:1 binding model; however, when data were assumed to fit this model, K d values of 4.1 nM and 13 nM were calculated for the FVIII starting material and N8-GP, respectively ( Table 4 ). The reduced binding of N8-GP was primarily a result of slower on-rate, whereas the off-rates were largely unaffected. 
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Initial experiments with an LRP-expressing cell line U87MG suggested fivefold lower cell binding of N8-GP as compared with FVIII (turoctocog alfa, supplemental Figure 5 ), but once bound, the same proportion of N8-GP and FVIII was internalized. The LRP antagonist receptor-associated protein inhibited internalization of both N8-GP and FVIII, suggesting that once bound to the cell surface internalization via LRP was similar for N8-GP and FVIII.
Cellular uptake was further studied in human monocyte-derived dendritic cells. 31 Both proteins showed a dose-dependent specific binding ( Figure 3A -B) with similar K d values (ie, 104 6 52 nM for N8-GP and 73 6 28 nM for FVIII). The maximal binding capacity of the dendritic cells was sevenfold lower for N8-GP (302 6 91 fmol/10 6 cells) than for FVIII (2187 6 441 fmol/10 6 cells). Internalization of N8-GP and FVIII at 37°C increased over time ( Figure 3C ). At 3 hours, the specific internalization of N8-GP was 22.7 6 1.8 fmol/10 6 cells, whereas that of FVIII was 20-fold higher (ie, 423 6 158 fmol/10 6 cells).
In vitro functional characteristics of N8-GP
In the in vivo efficacy evaluation of N8-GP, a marketed FVIII product (Advate) was used as a comparator. Therefore, Advate was also used as a comparator in most of the in vitro functional characterization of N8-GP (Table 4 ). The rate of N8-GP activation by thrombin was assessed by quantifying the rate of thrombin-catalyzed FVIII activation during the initial (0-3 minutes) formation of FVIIIa. In the absence of VWF, the rate of thrombin activation was identical for N8-GP and FVIII; however, with VWF present, the rate of activation of FVIII was twofold higher. The K d of FVIIIa-FIXa interaction, as well as the kinetic parameters for FIXa-catalyzed activation of FX, was not different between N8-GP and FVIII. Furthermore, the in vitro stability of N8-GP and FVIII was within the same range.
Maintained in vivo efficacy and potency of N8-GP in FVIII-deficient mice
The in vivo effect of N8-GP was evaluated in the tail bleeding model in FVIII-deficient mice. The dose-response curves of N8-GP and FVIII were close to superimposable both with regard to total bleeding time ( Figure 4A ) and blood loss ( Figure 4B ). Both compounds reduced the bleeding time and blood loss to the same level as in normal mice. The doses giving half-maximal effect were 17 6 6 U/kg for bleeding time and 19 6 6 U/kg for N8-GP and FVIII (mean and standard error of the fits). For blood loss, 50% effective dose values of 9.3 6 2.8 U/kg (N8-GP) and 9.8 6 2.4 U/kg (FVIII) were found. Thus, no differences in potency and efficacy were found between N8-GP and FVIII.
Prolonged effect of N8-GP in FVIII-deficient mice
In the tail bleeding model ( Figure 5 ), a significant difference in bleeding time and blood loss was observed between N8-GP and FVIII 1 day after dosing (P , .01 and P , .05, respectively). N8-GP normalized bleeding time and blood loss after 1 day, at which point the hemostatic effect of FVIII had disappeared. No effect was seen 3 days after dosing. In the FeCl 3 -induced injury model (Figure 6 ), the damage of the vessel leads to initiation of coagulation, clot formation, occlusion of ND, not determined. *ReFacto was used in normal mice, rats, and rabbits, whereas turoctocog alfa was used in cynomolgus monkeys. Values are based on analysis of FVIII antigen except for cynomolgus monkeys dosed FVIII, where a chromogenic assay was used. Figure 2 . Reduced LRP binding of N8-GP. LRP was immobilized to a CM5 chip in a Biacore T100 instrument to 4000 to 5000 resonance units (RUs), and (A) FVIII (turoctocog alfa), (B) N8-GP, or (C) receptor-associated protein (RAP) at 12.5 nM, 3.13 nM, 0.78 nM, and 0.2 nM allowed to associate for 400 seconds and dissociate for 600 seconds using a flow of 10 mL/min. the vessel, and eventually the stopping of blood flow in normal mice. No occlusion occurs in untreated FVIII-deficient mice. 26 In FVIIIdeficient mice receiving N8-GP, the occlusion time was 5.8 6 0.5 minutes at 24 hours and increased to 13.8 6 3.4 minutes at 72 hours after dosing. The occlusion time in FVIII-treated mice was 13.0 6 3.4 minutes and 15.9 6 2.9 minutes after 24 and 48 hours, respectively, whereas no occlusions were observed 60 and 72 hours after administration. In all mice treated with N8-GP, occlusion was observed 24 hours after dosing, whereas only 67% of the mice treated with FVIII occluded. After 72 hours, occlusion was still seen in 63% of the mice treated with N8-GP, whereas no occlusion was observed 60 and 72 hours after administration of FVIII.
Both N8-GP and FVIII prevented bleeding ( Figure 7A ) and the concomitant joint swelling ( Figure 7B ) in the needle-induced joint bleeding model when the injury was induced 5 minutes after dosing. N8-GP prevented the increase in joint diameter at all time points analyzed (up to 88 hours), whereas the effect of FVIII lasted up to 36 hours ( Figure 7B ). The VBS in the N8-GP-treated groups was significantly lower compared with that of FVIII-treated mice when the animals were dosed 36 to 88 hours before injury ( Figure 7A) . Thus, the data demonstrate a prolonged duration of effect of N8-GP compared with FVIII.
Discussion
The current standard prophylactic treatment regimen in hemophilia A typically requires injection of FVIII 3 times per week or every other day to maintain a sufficient circulating level to prevent frequent bleeds and preserve joint function. Previous attempts to produce a longer-acting FVIII based on the native FVIII have been hampered by loss of potency and product heterogeneity. FVIII circulates as a pro-cofactor that is activated by thrombin at the site of vessel wall injury in a process where the B-domain is released in the formation of FVIIIa. The objective of the present studies was to investigate whether PEGylation, a technology known to extend the half-life of therapeutic proteins, could be directed to the B-domain to allow generation of fully active native FVIIIa following activation by thrombin. To avoid modification of the peptide, the target for PEGylation was a unique O-glycan at position 750 located in the Bdomain of FVIII (turoctocog alfa 14 ) . A gentle enzymatic 3-step process was developed. In the first step, all sialic acid residues are removed with a sialidase. In the second step, an O-glycan-specific sialyltransferase, ST3GalI, selectively transfers a single PEGylated sialic acid (10-, 20-, 40-, or 80-kDa PEG) onto the B-domain Oglycan at position 750. In the final step, the sialyltransferase ST3GalIII caps all free galactose residues with a terminal sialic acid. For personal use only. on April 4, 2017. by guest www.bloodjournal.org From All glycoPEGylated FVIII conjugates maintained high-affinity binding to VWF and FVIII activity (FVIII:C) indistinguishable from that of native FVIII when measured in the standard chromogenic assay. However, the specific activity in a 1-stage clot assay varied with different aPTT reagents; that is, for FVIII conjugated with a 40-kDa PEG (N8-GP), specific activities were similar to what was obtained using chromogenic assay to threefold lower depending on the aPTT reagent used (ie, from 9303 6 428 U/mg to 3001 6 430 U/ mg). Similar observations have been described for PEGylated FVIII-K1804C 8 and may be an assay artifact as prolonged aPTT clotting times have been reported after PEGylation of proteins not involved in coagulation. 32 The exact mechanism for the PEG aPTT reagentspecific interference is not clear. Apparently, ellagic acid-containing reagents tend to give less interference than silica; however, these observations need to be confirmed in more elaborated studies.
When the pharmacokinetics was evaluated in FVIII-and VWFdeficient mice, there was a clear beneficial effect of increasing PEG sizes from 10 to 20 kDa and even further to the branched 40-kDa PEG; however, conjugating an 80-kDa PEG provided no additional improvement. FVIII conjugated with a 40-kDa PEG (N8-GP) was further characterized and demonstrated an approximately twofold longer half-life in mice, rabbits, and monkeys, whereas the effect was less pronounced in rats. N8-GP had similar FVIII cofactor activity, rate of activation by thrombin in the absence of VWF, rate of APC-mediated inactivation, and affinity for VWF as native FVIII. The rate of N8-GP activation in the presence of VWF appeared reduced in the in vitro assay used. However, in the tail bleeding model in FVIII-deficient mice, the efficacy and potency of N8-GP were not different from FVIII (Figure 4) . Shear stress induces unfolding of VWF, 33 and it could be hypothesized that flow reduces the impact of VWF on the activation of FVIII under physiological conditions.
The duration of hemostatic effect was evaluated using 3 different models in FVIII-deficient mice at various time points after administration of equimolar doses of N8-GP and FVIII. The effect of N8-GP was maintained at time points where the effect of FVIII was no longer present, corresponding to the longer half-life of N8-GP.
An important question in relation to the PEGylation is the mechanism by which PEG reduces clearance of a much larger molecule (FVIII) than the PEG moiety itself. The observed PEG-size dependency of pharmacokinetics in VWF-deficient mice, combined with the significantly reduced LRP and cell binding of N8-GP, indicates that the mechanism for reduced clearance is largely mediated by shielding against interactions with clearance receptors. The reduced binding of N8-GP to LRP was primarily driven by a slower on-rate. This indicates that PEGylation resulted in shielding of the interaction between N8-GP and LRP; however, once bound, . Data are mean 6 SEM of n 5 6 to 12 mice per group. ***P , .001 indicates significant difference from FVIII-deficient mice. *P , .05 and **P , .01 indicate significant differences between mice treated with FVIII and N8-GP.
the complex did not dissociate faster, suggesting that the PEG moiety is not located directly in the LRP interface. Whether this is the actual mechanism behind the reduced clearance of N8-GP relative to FVIII remains to be fully elucidated. Distribution studies in rats 34 demonstrated delayed uptake of N8-GP but no alteration of distribution between organs, suggesting that N8-GP may be cleared through the same pathways as FVIII, however, at a reduced rate.
Formation of inhibitors is a key concern in relation to FVIII therapy. Dendritic cells are APCs mediating uptake of foreign proteins for degradation and presentation to the adaptive immune system. 16 Human monocyte-derived dendritic cells showed sevenfold reduced maximal binding capacity for N8-GP as compared with FVIII. This may be a result of shielding of the PEG moiety toward binding to surface receptors on the surface of the dendritic cells similar to the effect of PEG on binding to LRP and LRPexpressing cells. However, antagonists to LRP and macrophage mannose receptor, antibodies to DC-SIGN (CD209), and silencing RNA-mediated decrease in expression of these receptors all failed to prevent endocytosis of FVIII in dendritic cells 31 ; thus, the responsible receptor(s) on the APCs remain(s) to be identified. It can be hypothesized that the reduced endocytosis of N8-GP in dendritic cells will subsequently reduce the presentation to FVIIIspecific T cells in a manner similar to what has previously been described for FVIII with VWF 35 or FVIII coformulated with an anti-C1-domain antibody KM33, 31 as well as FVIII with mutations in the C1-domain. 36 However, although KM33 and the C1-domain mutations result in delayed antibody formation of FVIII in mouse models, the correlation between these models and the human clinic remains to be established. Whether a reduction in immune response toward exogenous FVIII can be achieved by N8-GP therefore needs to be documented in a clinical setting.
The present data demonstrate that PEGylation of the O-linked glycan in the B-domain of FVIII (turoctocog alfa) is site specific and does not result in any other modification of the FVIII molecule. The biochemical functions of N8-GP are maintained, whereas the cellular uptake and in vivo clearance are reduced. In mice models, the potency and efficacy of N8-GP are indistinguishable from unmodified FVIII, whereas the duration of effect of N8-GP is prolonged. In conclusion, N8-GP has the potential to offer efficacious treatment and prevention of bleeds in hemophilia A at reduced dosing frequency. Clinical investigation of N8-GP is currently ongoing.
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